ABSTRACT The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae
The potato psyllid, Bactericera cockerelli (Sulc) (Hemiptera: Triozidae) is an economically important insect pest of solanaceous crops, including potato (Solanum tuberosum L.) and tomato (Solanum lycopersicum L.) (Munyaneza 2010) . The potato psyllid has long been known to cause psyllid yellows disease of potato and tomato, supposedly a result of a toxin suspected to be present in the insect salivary secretions (Carter 1939 , Wallis 1955 , Sengoda et al. 2010 . In addition to this insect direct feeding damage, evidence has shown that the potato psyllid is also a vector of the bacterium "Candidatus Liberibacter solanacearum," (Lso) the putative causal agent of the devastating zebra chip (ZC) disease (Munyaneza et al. 2007 , Hansen et al. 2008 , Secor et al. 2009 , Munyaneza 2010 , Buchman et al. 2011 . ZC is characterized by potato plant stunting and early decline, and causes tubers to develop a striped pattern of necrosis that is exacerbated upon frying (Munyaneza et al. 2007; Munyaneza 2010; Crosslin et al. 2010) . ZC infected tubers are considered a complete loss for both the potato producers and processing industry, thereby causing signiÞcant economic damage.
To date, ZC has been documented in the United States, Mexico, Central America, and New Zealand (Secor and Rivera-Varas 2004 , Munyaneza et al. 2007 , Munyaneza 2010 . In the United States, ZC symptomatic potato tubers were initially reported in Texas, where the disease caused signiÞcant economic losses to the fresh and processing potato industry , Munyaneza 2010 . Subsequently, tubers with the disease symptoms were found in Nebraska, Colorado, Kansas, New Mexico, Arizona, California, and Wyoming (Secor and Rivera-Varas 2004 , Munyaneza et al. 2007 , Munyaneza 2010 . Until recently, ZC had not been observed in potato Þelds in the Northwest United States, despite the presence of B. cockerelli in the region (Munyaneza et al. 2009 ). However, in the 2011 potato growing season, an outbreak of ZC occurred in potato crops in the Columbia Basin of Washington and Oregon, and Western and South-Central Idaho and the presence of Lso was conÞrmed in the affected potatoes (Crosslin et al. 2012a,b) . Interestingly, no ZC was observed in untreated experimental potato plots that were heavily infested with B. cockerelli and located in nearby Prosser and Yakima, WA (J.M. Crosslin and J.E. Munyaneza, unpublished data). These observations led to the suggestion that there may have been differences in Lso infection and/or origin of psyllid populations that were found colonizing the potatoes in this important potato growing region of the United States.
Previous studies on genetic variability among potato psyllid populations have revealed separate biotypes within B. cockerelli that concur with geographic separation of potato psyllid populations (Liu et al. 2006 , Jackson et al. 2009 ). Insect biotypes reßect some variation between populations of the same species that can include morphological variation and the ability to survive, reproduce, or cause disease in different plants than their counterparts (Shufran and Payton 2009) . Comparison of potato psyllids collected from the Western (Southern California) and the Central (Colorado and Nebraska) United States in 2003 suggested that these psyllids constitute two different biotypes of the same species, the Western and Central biotypes (Liu et al. 2006) .
The objective of the current study was to determine whether the psyllids that colonized potatoes in the Columbia Basin of Washington and Oregon, and Western and SouthÐCentral Idaho in 2011 were related to any of these two previously described biotypes. To achieve this goal, potato psyllids collected from the Western and Central United States were compared with those collected in the Northwest United States in the 2011 potato growing season, using High Resolution Melting (HRM) (Smith et al. 2009 ) analysis of the mitochondrial cytochrome oxidase subunit I-like gene (CO1). (Crosslin et al. 2011) . Representative voucher insect samples are stored at the USDAÐARS laboratories in Prosser and Wapato, WA. Nucleic Acid Extraction. DNA was extracted from individual potato psyllids following the CTAB extraction method outlined in Zhang et al. (1998) with slight modiÞcations as described in Crosslin et al. (2006) . Following the extractions, samples were resuspended in 50 l of Ultra Pure water (Invitrogen, Carlsbad, CA).
Materials and Methods

Origin
Primer Design, Polymerase Chain Reaction, and DNA Sequencing. Primers speciÞc to the B. cockerelli mitochondrial CO1 were designed from the sequence available on the NCBI Nucleotide website, GenBank EF372597. Forward primer CO1 F3 begins at residue 68 with the following sequence: 5ЈTACGCCATAC-TAGCAATCGG3Ј. Reverse primer CO1 R3 begins at residue 567 with the following sequence: 5ЈGAGTA-ACGTCGTGGTATTCC3Ј. A 500-bp amplicon is created by using these primers and was used for both the HRM analysis and the DNA sequencing. Conventional polymerase chain reaction (PCR) was conducted as described by Crosslin et al. (2011) . The 500-bp amplicon obtained with primers CO1 F3 and R3 were puriÞed from PCR reactions (Wizard PCR Clean Up Kit, Promega, Madison, WI). The products were either sequenced directly using the CO1 F3 and R3 primers or the amplicon was cloned into vector pCRII-Topo and transformed into Top-10 cells (Invitrogen). Plasmid clones were sequenced in triplicate and consensus sequences were recorded.
HRM Analysis. The HRM analysis was performed in two steps. First, real-time quantitative PCR (qPCR) was run on the ABI 7000 Sequence Detection System (Applied Biosystems, Foster City, CA); then, the melting analysis was completed on the LightCycler 480 (Roche Applied Science, Indianapolis, IN).
The qPCR reactions were set-up with a 25 l reaction including 12.5 l of the Power SYBR Green PCR Master Mix (Applied Biosystems), 1 l [20 M] primer CO1 F3, 1 l [20 M] primer CO1 R3, 8.5 l UltraPure H 2 O, and 2 l DNA. A two-step qPCR program was conducted on the ABI 7000: Preincubation step for one cycle (50ЊC for 2:00, 95ЊC for 10:00) and ampliÞcation step for 40 cycles (95ЊC for 0:15, 60ЊC for 1:00). Default settings were used for all but the baseline setting, which was set at 3Ð12 cycles.
Following qPCR, 10 l of the reaction was removed, added to Roche Applied Science 96-well white reaction plates, and used for the melting analysis on the LightCycler 480. Cycling consisted of: melting, 95ЊC for 1:00 with a ramp rate of 4.4ЊC/s, 40ЊC for 1:00 with a ramp rate of 2.2ЊC/s, 60ЊC for 0:01 with a ramp rate of 1, and 95ЊC with continuous acquisition at 25 acquisitions/ o C. For cooling, 40ЊC for 0:10 with a ramp rate of 2.2ЊC/s. Upon completion of the data acquisition, the LightCycler 480 Gene Scanning Software (Roche Applied Science) was used to analyze the results. For normalization, pre-and postmelt settings were each set with a low and high temperature setting at roughly 1ЊC difference. For temperature shifting, the threshold was set to 0. To determine the melting temperatures for each peak in the Melting Peaks chart, data were exported to an Excel spreadsheet (Microsoft OfÞce) and manually determined.
Results
HRM Analysis.
Analysis of the melting behavior of the 500-bp CO1 amplicon using the LightCycler Gene Scanning Software (Roche Applied Science) identiÞed three different potato psyllid haplotypes in the United States (Fig. 1) . Normalization of the raw melting data from individual psyllids collected near Weslaco, TX, a colony originating from Southern California, and Prosser, WA, produced three distinct melt curves (Fig. 1A,B) . Representation of this data as melting peaks clearly identiÞed three unique melting proÞles (Fig. 1C) . The sample from Weslaco, TX, generated a single-peak proÞle, while the samples from Prosser, WA, and California generated double-peak proÞles. Notably, the double-peak melting proÞle for the Prosser, WA, sample was observed at a lower temperature than the samples from the other two locations.
Further comparison of these samples by determination of the signal difference as set to a standard control colony psyllid (Liberibacter positive ÔhotÕ colony originating from Texas) revealed these same three unique proÞles. The Signal Difference curve for the Prosser, WA, psyllid showed a signiÞcant, positive difference at a low temperature, which was not seen with either the Weslaco, TX, or the California samples. The Melting Peaks and Difference Plots generated from the original data suggest that the Prosser, WA, psyllid has signiÞcant sequence variation as compared with the Weslaco, TX, and California samples.
To increase our sample size and verify our initial results, HRM analyses were completed using over 450 additional samples collected throughout the Western and Central United States, including Washington, Oregon, Idaho, California, New Mexico, Colorado, Wyoming, Kansas, Nebraska, and Texas. Figure 2 shows the melting behavior of a representative sampling of individual psyllids collected from these different locations. Melting peaks generated from the raw ßuo-rescent data again display three distinct melting proÞles, suggestive of three potato psyllid haplotypes ( Fig. 2A) . Single-peak proÞles were seen for samples originating from Texas, Nebraska, Wyoming, Colorado, New Mexico, and the control ÔhotÕ colony from the Central United States. Likewise, two different groups formed double-peak proÞles. The Þrst group contained samples from Washington, Oregon, Idaho, the California colony, New Mexico, and Nebraska. The second group consisted of samples from Washington, Idaho, and a control colony (Liberibacter negative ÔcoldÕ colony originating from Prosser, WA; Crosslin et al. 2011) . Of particular interest, this last group showed melting peak proÞles at a lower temperature than the other two groups, identical to the Prosser sample in the initial analysis. Differences in the relative signal of these representative samples compared with a standard hot colony control psyllid also identiÞed these same three psyllid haplotypes (Fig. 2B) .
In Fig. 4) .
Sequence Analysis. To validate our use of the HRM analysis as a tool for distinguishing psyllid populations in the United States, we sequenced the 500-bp portion of the CO1 gene from individual psyllids collected near Paterson, Prosser, and Moxee, WA; Hermiston, OR; Southern California; Farmington, NM; Scottsbluff, NE; Weslaco, TX; and cold and hot colony psyllids. Sequencing results for the 500-bp amplicon of each sample supported the Þndings from our HRM analysis (Fig. 5) . A single nucleotide polymorphism (SNP) existed at position 51 of the 500-bp amplicon between psyllids identiÞed by HRM analysis as the Western haplotype (GenBank Accession number JQ708095) and as the Central haplotype (GenBank Accession number JQ708094; Fig. 5 ). Psyllids collected near Paterson, WA, Hermiston, OR, and Farmington, NM, as well as the colony originating from Southern California, all sequenced with a cytosine at residue 51. In contrast, psyllids collected near Weslaco, TX; Scottsbluff, NE, as well as those from the hot colony originating from Texas, all had a thymine at residue 51.
Additionally, the 500-bp portion of the CO1 amplicon from psyllids collected near Moxee and Prosser in Washington as well as those from the cold colony originating from Prosser were sequenced and compared with psyllids collected at additional sites in the Western and the Central United States (Fig. 5) . Seventeen SNPs were found within this 500-bp amplicon between the Northwestern haplotype psyllids (GenBank Accession number JQ708093) and those of the Central haplotype. Similarly, 18 SNPs were identiÞed between the Northwestern haplotype psyllids and those of the Western haplotype. These sequencing results provide further evidence that three different potato psyllid haplotypes exist within the Western and Central United States.
Geographic Distribution. HRM analysis and subsequent DNA sequencing of the potato psyllid mitochondrial CO1 gene using primers spanning a 500-bp region led to our identiÞcation of three distinct psyllid haplotypes. Moreover, these three haplotypes were identiÞed from psyllids correlating to geographical regions within the United States (Fig. 6) . The most divergent haplotype, containing 17 or 18 SNPs, was comprised of psyllids collected speciÞcally in the Northwestern United States near Moxee, WA, Prosser, WA, and Eagle, ID (Fig. 6, red) . The second haplotype was identiÞed from samples collected in the Western United States in the vicinity of Farmington, NM, Southern California, Eagle, ID, Hermiston, OR, as well as Paterson, WA (Fig. 6, green) . Psyllids collected within Colorado, Wyoming, Nebraska, Kansas, and Texas comprised the third haplotype, creating the Central United States population (Fig. 6, blue) .
Discussion
Our results support the Þndings of Liu et al. (2006) and Jackson et al. (2009) , whereby two different potato psyllid biotypes were identiÞed correlating to the Western biotype (Southern California and Baja California, Mexico) and the Central biotype (Colorado, NE, and Eastern Mexico). However, we also identiÞed an additional potato psyllid haplotype that was not previously described. This new haplotype was Table 1 summarizes the data obtained from HRM analysis of individual psyllids collected from different locations and from different host plants found across the Western and Central United States. The total no. of psyllids sampled from each location and the no. of psyllids found to be of either the Northwestern, Western, or Central haplotypes is listed. Average melting temperatures are also depicted for each haplotype. The Northwestern and Western haplotypes generated double-peak proÞles, while the Central haplotype generated a single-peak proÞle.
found speciÞcally in Washington and Idaho in the Northwestern United States. The two potato psyllid biotypes described by Liu and Trumble (2007) exhibited differences in survival, growth index, and development times. Whether there are biological differences between these two previously described psyllid biotypes and insects of the Northwestern psyllid haplotype described herein has not yet been determined.
Of particular interest is the close proximity of the Northwestern and Western psyllid haplotypes to each other. In Washington State, Prosser and Paterson are located roughly 35 km from each other, yet 100% of the psyllids tested from the Paterson area were of the Western haplotype, while 96% of the psyllids tested from Prosser were of the Northwestern haplotype. To date, psyllids with the Northwestern haplotype have not been identiÞed outside of Washington and Idaho. The close proximity of these locations to each other suggests that the populations exhibiting the Northwestern and Western haplotypes overlap geographically. Fig. 4 . HRM analysis of psyllids collected near Prosser and Moxee, WA. HRM analysis of the 500-bp CO1 amplicon identiÞed two different psyllid haplotypes along the West Coast. Psyllids of the Western haplotype showed a double-peak melt proÞle (green lines). These psyllids were collected from Southern California, Hermiston, OR, and Paterson, WA. In contrast, psyllids collected near Prosser and Moxee, WA, were of the Northwestern haplotype. These later psyllids showed a double-peak melt proÞle (red lines) shifted slightly to lower melting temperatures.
Our identiÞcation of three potato psyllid haplotypes originating from different geographical locations within the United States allows us to conclude that the potato psyllids collected in ZC-infected Þelds within the Columbia Basin of Washington and Oregon were genetically distinct from the Central haplotype population that predominates in the TexasÐMexico region. Therefore, the potato psyllids that populated Þelds in Oregon, ID, and Washington during the 2011 potato season, and that subsequently led to the serious ZC disease outbreak in the Northwest (Crosslin et al. 2012a,b) , were not the result of psyllid migration from the Central United States. Additionally, evidence now suggests that both the Western and the Central populations of psyllids are capable of vectoring Lso, thereby causing the spread of ZC across the United States (data not shown, Munyaneza et al. 2007 , Hansen et al. 2008 ).
Although the Central and Western haplotypes could be differentiated by the HRM analysis described herein, there was only a single nucleotide difference between them in the 500 bp CO1 amplicon (Fig. 5) . However, the Northwestern haplotype showed 17 or 18 nucleotide differences between the Central and Western haplotypes, respectively. This relatively large difference in nucleotide sequence suggests the Northwestern haplotype may represent a highly divergent psyllid population. Whether this genetically distinct population was present in the PaciÞc Northwest in previous years is currently being investigated using archived insect samples. Interestingly, if migration of the Northwestern psyllid population is not occurring, this suggests that these psyllids could in fact be overwintering in the Northwestern states of Washington, Oregon, and Idaho. As of yet, an overwintering host has not been identiÞed in the Northwest, and no published evidence exists suggesting that these psyllids can survive the cold Northwest winters at any stage in their lifecycle. However, evidence suggests that greenhouse colony psyllids can withstand exposure to cold temperatures in both the nymph and adult stages, and may do so by Þnding suitable microclimates that enable survival (Henne et al. 2010 ). Thus, it is possible that psyllids identiÞed as the Northwestern population could Þnd the right microclimate, thereby enabling yearly survival, without extensive migratory patterns.
Results showed that 5Ð10% of psyllids collected from Þelds severely affected by ZC in the lower Columbia Basin of Washington and Oregon were infected with Lso (J.M. Crosslin and J.E. Munyaneza, unpublished data) and were found to be of the Western psyllid haplotype. In contrast, psyllids collected from ZC-free potatoes near Prosser and Moxee, WA, not only were of the Northwestern haplotype, but also were liberibacter-free. Potato psyllids collected in Texas, and presumably of the Central biotype (or haplotype), are known vectors of Lso and infestations with these insects cause ZC disease (Secor et al. 2009 , Munyaneza et al. 2012 . The ability of psyllids of the Northwestern haplotype to efÞciently transmit Lso awaits additional research. 
